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Poisson–Boltzmann equationRespiratory complex I couples the transfer of electrons from NADH to ubiquinone and the translocation of
protons across the mitochondrial membrane. A detailed understanding of the midpoint reduction potentials
(Em) of each redox center and the factors which inﬂuence those potentials are critical in the elucidation of the
mechanism of electron transfer in this enzyme. We present accurate electrostatic interaction energies for the
iron–sulfur (FeS) clusters of complex I to facilitate the development of models and the interpretation of
experiments in connection to electron transfer (ET) in this enzyme. To calculate redox titration curves for the
FeS clusters it is necessary to include interactions between clusters,which in turn canbeused to reﬁne Emvalues
and validate spectroscopic assignments of each cluster. Calculated titration curves for clusters N4, N5, and N6a
are discussed. Furthermore, we present some initial ﬁndings on the electrostatics of the redox centers of
complex I under the inﬂuence of externally appliedmembrane potentials. Ameans of determining the location
of the FeS cofactors within the holo-complex based on electrostatic arguments is proposed. A simple
electrostatic model of the protein/membrane system is examined to illustrate the viability of our hypothesis.© 2009 Elsevier B.V. All rights reserved.1. IntroductionNADH:ubiquinone oxidoreductase (complex I) is a large (550 kDa
in prokaryotes to 980 kDa in mitochondria) L-shaped membrane
bound enzyme involved in cellular respiration which catalyzes the
oxidation of NADH and the reduction of ubiquinone in mitochondria
and respiring bacteria [1–3]. This reaction involves the transfer of
electrons over approximately 90 Å from NADH bound to the
hydrophilic domain to ubiquinone in or near the hydrophobic
membrane bound domain of complex I [4]. In turn the reaction
provides the driving force for the transport of 4 protons from the
mitochondrial matrix to the intermembrane space thus generating, in
part, the proton gradient necessary for ATP production [1].
The transfer of electrons from NADH to ubiquinone is facilitated by
the cofactors ﬂavin mononucleotide (FMN), two binuclear (2Fe–2S)
iron–sulfur clusters (N1a and N1b), and six tetranuclear (4Fe–4S)
iron–sulfur clusters (N3, N4, N5, N6a, N6b, N2). In some bacterial
enzymes an additional tetranuclear FeS cluster, N7, is present, but not
believed to be involved in electron transport due to its large distance
(21 Å) from the other FeS centers [4]. NADH, a two electron donor,
initially passes both electrons, as hydride, to FMN the only two
electron acceptor in the system. From FMN one electron enters a
transport chain consisting of one binuclear and the six tetranuclear
FeS clusters leading to the ubiquinone binding site (FMN→ N3–N1b–
N4–N5–N6a–N6b–N2 → Q), while the second electron appears to
enter the ET chain via the binuclear FeS cluster N1a.+1 530 752 8995.
uchebrukhov).
ll rights reserved.The structure solved thus far consists solely of the hydrophilic
domain, or peripheral arm, of complex I from the bacterium Thermus
thermophilus [4]. The peripheral arm extends from the membrane into
the mitochondrial matrix, and is approximately 140 Å in extent. The
hydrophilic domain of complex I is thought to house all of the
cofactors involved in electron transport. However, the location of
these cofactors within the larger holo-enzyme is not clear [3]. A
number of groups have tried to ﬁt the crystal structure of the
peripheral arm into electron micrograph (EM) images of the intact
holo-complex, but these efforts have been inconclusive [5,6]. The
distance between the terminal tetranuclear cluster N2 and the
membrane surface is of particular interest. N2 is the direct reductant
of ubiquinone, a very hydrophobic compound, supplied from the lipid
bilayer. Intuition would suggest that ubiquinone should reside within
hydrophobic membrane bound domain of complex I implying a
relatively short N2-membrane distance. EPR studies have measured
the N2 to ubiquinone distance at 12 Å, and place ubiquinone 5 Å
within the lipid bilayer [7]. This would imply a maximum N2-
membrane distance of ∼7 Å placing N2 at the interface of the
hydrophilic and hydrophobic domains of complex I. This is consistent
with Morgan and Sazanov [5] who have proposed an N2-membrane
distance of 10 Å based on ﬁtting the crystal structure of the
hydrophilic domain from Thermus thermophilus to EM images of
complex I from E. coli. In contrast Brandt et al. [6] have proposed N2-
membrane distances ranging from 35 to 81 Å with the best ﬁt having
an N2-membrane distance of 60 Å, obtained by the ﬁtting of EM data
from complex I from Y. lipolytica with the available X-ray crystal
structure. Clearly the position of N2 with respect to the membrane
will have signiﬁcant implications on any mechanistic model of
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ubiquinone make its way from the lipid bilayer to its binding site in
complex I? How and where do the hydrophobic and hydrophilic
domains meet? What are the implications for proton pumping and
putative conformational changes occurring in the enzyme? The
answers to these and many unresolved questions will depend largely
on the location of the ET chain within the holo-complex.
Although electron transfer in complex I has been studied for some
time many of the details of this process are still not fully understood.
Electron paramagnetic resonance (EPR) has been the most successful
method of investigating the ET process, but due to the large number of
redox centers and the overall complexity of the electron transport
chain unambiguous interpretation of EPR experiments have been
difﬁcult [8,9]. There has been signiﬁcant controversy over the
assignment of various spectral features to individual FeS clusters
within the enzyme, and unambiguous assignments are still not
available [9,10]. Key to understanding ET in complex I is detailed
knowledge of the midpoint reduction potentials (Em) of the FeS
clusters. The binuclear N1a and tetranuclear N2 centers have unique
redox potentials of −370 mV and −100 mV respectively, although a
broad range of values have been reported for both clusters [4,10]. The
remaining clusters appear to be equipotential with Em values near
−250 mV. Recently Euro et al. [10] showed that a number of the FeS
clusters in complex I exhibit redox titration curves which are best
modeled as the sum of two n=1 Nernstian curves indicating strong
electrostatic interactions between redox centers. Furthermore, they
introduced a thermodynamic model of the equilibrium redox state of
the enzyme which includes explicit interactions between neighboring
FeS clusters. Using estimates of the electrostatic interaction energies
based on the cluster–cluster distances from the crystal structure they
were able to show that the interaction of neighboring clusters can
signiﬁcantly shift the apparent Em of certain FeS clusters and account
for the deviation of the redox titration proﬁles from ideal n=1
Nernstian behavior.
In this paper we examined the electrostatic and redox properties of
the FeS clusters in complex I computationally. Accurate values for the
electrostatic interaction energies of the FeS clusters in complex I have
been determined from the solution of the Poisson–Boltzmann
equation. The values calculated with different protein dielectric
constants are provided. The electrostatic interaction energies are
important for the interpretation of titration experiments and the
development of models of the ET process in complex I. Theoretical
titration curves for the FeS clusters N4, N5, and N6a are presented, and
discussed in connection to the Em values and the spectroscopic
assignments of the clusters.
Perhaps of more general interest, we propose a means by which
the electron transport chain can be deﬁnitively located within the
holo-enzyme by taking advantage of the induced shift in the redox
potential of the FeS clusters under the inﬂuence of externally applied
membrane potentials. By coupling electrostatic calculations with
experimentally measured Em shifts it should be possible to determine
both the distance of N2 from the membrane as well as the speciﬁc
orientation of the ET chain within the peripheral arm. A simple model
of the protein/membrane system is discussed as a proof of principle
for the proposed hypothesis. More realistic calculations utilizing a
protein/membranemodel based on electronmicrograph (EM) images
of the intact holo-enzyme will be forthcoming.
2. Computational methods
2.1. Calculation of electrostatic interaction energies of the FeS clusters
The MEAD (Macroscopic Electrostatics with Atomic Detail)
program was used to calculate the electrostatic interaction energies
of the FeS clusters by solving the 3-dimensional Linearized Poisson–
Boltzmann equation [11–13]. The interior, protein, dielectric wasvaried from ɛprot=2 to 40 (see Supplemental material). A value of
ɛsolv=80 was used for the external, aqueous, dielectric with ionic
strength of 0.1 M. A grid reﬁnement procedure was used with cubic
grids of sides 300, 150, and 40 Å. Corresponding mesh sizes of 2.0, 1.0,
and 0.25 Å were employed. Each grid was centered on the geometric
center of the protein except for the ﬁnest mesh grid which was
centered on the FeS cluster of interest. The dielectric boundary and the
positions of the iron–sulfur clusters were taken from the X-ray crystal
structure of the hydrophilic domain of complex I from the bacterium
Thermus thermophilus (pdb entry 2FUG) [4]. The partial charges for the
FeS clusters (and ligands) were estimated by symmetrically placing
charge on each Fe atom or from ab initio quantum chemical
calculations at the Hartree–Fock 6-31G⁎ level utilizing the model
compounds [(H3CS)4Fe4S4]2− and the imidazole analogue [(C3N2H4)
(H3CS)3Fe4S4]1− constrained to the X-ray crystal structure geometries.
Although we do not expect this level of theory to adequately describe
the ground state of these complexes the calculations provided a
means of accounting for the actual (crystal structure) geometry of the
FeS clusters. The partial charges obtained did not differ greatly from
values reported by Torres et al. on the geometry optimized
[(H3CS)4Fe4S4]2− complex [14].
2.2. Calculation of the Em shift of FeS clusters with an applied membrane
potential
To investigate the position of the redox centers within the holo-
complex a simpliﬁed model of the protein/membrane system was
employed. In this model the membrane was treated as an inﬁnite two
dimensional low dielectric slab of thickness 26 Å [15–17]. The
peripheral arm of complex I was considered to be a cylinder
protruding from the membrane surface. The cylinder (protein) height
was varied from 105 to 200 Å. A cylinder radius of 30 Å was used
throughout. Both the membrane and the protein were assigned a
dielectric constant of ɛprot=4. The solvent was assigned a dielectric of
ɛsolv=80with an ionic strength of 0.1M. In cylindrical coordinates the
system is immediately reduced to a problem in 2 dimensions due to
rotational symmetry. The electric potential within the protein was
calculated by solving the 2D Linearized Poisson–Boltzmann equation
with an in house ﬁnite difference Poisson solver for various cylinder
heights [18,19]. The shift in the Em of each cluster for a given N2-
membrane distance was then simply taken to be the value of the
potential at that cluster's position.
3. Results and discussion
3.1. Electrostatic interaction of the FeS clusters in complex I
Once an electron enters the transport chain further reduction of
the FeS clusters by an additional electron is hindered by the
electrostatic repulsion of like charges. Thus the midpoint reduction
potential of each cluster is dependent on the oxidation state of
adjacent FeS centers, and the Em value of a particular cluster will be
shifted to more negative values upon reduction of its neighbors [10].
The shift in the midpoint reduction potential for a given site, i, due
to the reduction of adjacent redox centers can be expressed in
general as
E Vmi = Emi −
X
j
Δijnj: ð1Þ
Here Emi is the midpoint reduction potential of site iwhen all other
redox sites are oxidized, and E Vmi is the shifted midpoint reduction
potential resulting from the interaction with all other sites, j. Δij is the
electrostatic interaction energy between redox centers i and j when
either center i or j is in the reduced state. The occupation numbers nj
are 0 or 1 for oxidized and reduced clusters respectively for a given
Table 1
Electrostatic interaction energies (mV) of the FeS clusters in complex I with protein
dielectric ɛprot=4 and ionic strength I=0.1 M.b
FeS clustera: N2 N6b N6a N5 N4 N7 N1b N3 N1a
N2 0 109 21 5 0 0 0 0 0
N6b 0 123 20 5 0 0 0 0
N6a 0 59 15 0 6 0 0
N5 0 122 11 48 25 0
N4 0 19 103 59 7
N7 0 8 0 0
N1b 0 76 5
N3 0 26
N1a 0
a Notation is the same as in [4].
b Results for other dielectric constants ɛprot=2, 10, 20, 40 are in Supplemental
material.
Fig. 1. Titration curves for the center N4. 1, Coulomb (ɛeff=20); 2, present calculations
(ɛprot=20); 3, only nearest-neighbor interactions; 4, no interactions. Eh is the ambient
reduction potential in mV.
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of the midpoint reduction potentials are shifted. Once a cluster, say
cluster i, is reduced, the Em's of all other clusters j will be shifted by
−Δij. If we consider only nearest neighbors a non-terminal cluster will
have four possible E Vmi values: Emi, Emi−Δi,i+1, Emi−Δi,i−1, Emi−Δi,i+1,
−Δi,i−1. Using coordinates from the crystal structure of the hydrophilic
domain of complex I from Thermus thermophilus we solved the
Linearized Poisson–Boltzmann equation for the interaction energies,
Δij, for each FeS cluster. The results are presented in Table 1 with protein
dielectric ɛprot=4 (see Supplemental material for additional ɛprot
values).
Due to the complex nature of the dielectric boundary at the
protein–solvent interface and the proximity of the FeS centers to the
boundary, the interaction energies between clusters are signiﬁcantly
modiﬁed compared with simple Coulomb's law. The nature of the
solute (protein) solvent interface is such that the electric potential is
screened much more effectively than it would be in a homogeneous
dielectric protein medium. The inclusion of mobile ions in the solvent
phase also gives rise to increased screening not accounted for in
Coulomb's law. Moreover, the effective dielectric of the protein is not
constant, but distance dependent. For a single electron residing on site
i (or j) the electrostatic interaction energy between sites i and j, Δij,
can be expressed, in atomic units, as Δij = 1= e
eff
ij rij
 
where eeffij is the
effective dielectric and rij is the average distance between redox
centers i and j [20]. The effective dielectric constant here is simply the
ratio of the Coulomb potential between centers i and j in vacuum
(ɛ=1) and the electrostatic interaction energy obtained from the
solution of the Poisson–Boltzmann equation. Table 2 lists the
interaction energies and effective dielectric constants for selected
FeS cluster pairs. Included in Table 2 are the interaction energy
estimates (Coulomb's law with ɛprot=1) used to calculate the
effective dielectric constants. There are two interesting trends evident
from Table 2. First, the interaction between nearest neighbors is
screened approximately 2.5 times more than expected from a
homogeneous protein dielectric of ɛprot=4. Second, the effective
dielectric scales exponentially with increasing cluster–cluster dis-
tance. Consequently only the interaction between 1st and 2nd nearest
neighbors will be signiﬁcant with longer range interactions quickly
dropping off to zero.Table 2
Interaction energies (mV) and effective dielectric constants for selected iron–sulfur
cluster pairs.
FeS pair Δij estimate (Coulomb's law, ɛ=1) Δij (ɛprot=4) e
eff
ij e
eff
ij = eprot
N2–N6b 1050 109 9.6 2.4
N2–N6a 560 21 26.7 6.7
N2–N5 380 5 76.0 19.0
N6b–N6a 1170 123 9.5 2.4
ɛprot is the assigned protein dielectric.The importance of the screening effect of moving charges in
solution as well as the contribution of the non-nearest-neighbor
interactions are illustrated in Fig. 1, where calculated titration curves
for the N4 cluster are shown. The midpoint potential was arbitrarily
set at −350 mV (consistent with [10]), the interaction energies Δij
were calculated with ɛprot=20 both by Coulomb's law taking into
account non-nearest neighbors whose separations are shown in Fig. 1
of Sazanov and Hincliffe's paper [4] and by the present method (see
Supplemental material, Table 3) accounting for either all interactions
or only nearest neighbors. For comparison, the titration curve of the
isolated center is also shown. It is obvious that the screening effect
strongly affects the titration with the observed Em shifted to around
−400 mV. The effect of non-nearest neighbors is also appreciable
further reducing the apparent Em to just above −450 mV. The over-
estimated electrostatic interactions obtained from Coulomb's law
result in a highly shifted and somewhat distorted titration curve with
an apparent Em far below −450 mV.
Euro et al. [10]measured the titration curve for the “fastest relaxing
FeS cluster” of complex I via EPR. The curve was satisfactorily ﬁt to a
simple n=1 Nernstian curve with an observed Em=−330 mV. This
titration curve could not be uniquely assigned to a single redox center,
and was reported as originating from either cluster N4 or N5.
Theoretical titration curves for these centers, as well as N6a, calculated
by thepresentmethodaredrawn in Fig. 2. Nominal (isolated) Emvalues
of −235 (N1a), −285 (N3), −265 (N1b), −350 (N4), −300 (N5),
−270 (N6a, N6b), −150 (N2), and −365 mV (N7) were taken to
maintain consistency with the results presented by Euro et al., and the
interaction energies were calculated with protein dielectric ɛprot=20.
Comparison between the calculated curves and the experimental best
ﬁt clearly indicates that the titration curve should be attributed to
cluster N5 using these parameters. When interactions withTable 3
Redox potential shift of cluster N2 under the inﬂuence of an applied membrane
potential.
Proposed distance(Å) Model distance (Å) ΔEm/V0 ΔEm (mV), V0=200 mV
7 17 0.20 40
10 20 0.17 34
35 45 0.05 10
60 70 0.02 4
81 91 ∼0 ∼0
Fig. 2. Theoretical titration curves for A) FeS cluster N4, B) FeS cluster N5, and C) FeS
cluster N6a. Solid lines indicate titration curves including electrostatic interactions
among clusters. Dashed lines are the titration curves ignoring interactions between
sites. The dotted curve is the experimental ﬁt with Em=−330 mV [10].
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very near the observed Em of−330 mV. Although there is qualitative
agreement between the curves, the uncertainty associated with the
intrinsic Em values makes quantitative comparisons difﬁcult. However,
using our calculated interaction energies, detailed experimental
titration data [10], and new EPR data [21], it should now be possible
to ﬁt Em values to titration data in a non-arbitrary way via an
appropriate optimization procedure. The ﬁtting of experimental
titration curves using our interaction energies could also prove useful
to corroborate the current spectroscopic assignment of the clusters
since the interaction energies indirectly reﬂect the distances between
clusters.
Modeling the redox behavior of the FeS clusters in complex I will
require additional parameters, which are yet unknown, speciﬁcally
the actual protein dielectric and the nominal midpoint reduction
potentials. Here we do not present a speciﬁc model, but rather a
necessary ingredient to any model of electron transfer in the enzyme.
The interaction energies provided can be used within an appropriate
model to (in)validate certain assumptions. With a fully interacting
model and given a few high quality parameters (i.e. Em's) a global
ﬁtting procedure of the titration curves could greatly reduce the
uncertainty in interpreting experiment.
3.2. Determination of the position of the electron transport chain within
the holo-enzyme
Although the crystal structure of the hydrophilic domain of
complex I from T. thermophilus has provided the positions of all the
cofactors involved in electron transport within the hydrophilic
domain the question remains as to the position of the cofactors
within the larger holo-complex andwith respect to themembrane [3].
Just as the Em of each FeS cluster is modiﬁed by the potential of
electrons residing on neighboring redox centers, an applied potential
across the membrane can also inﬂuence the reduction potential of theFeS clusters. A redox center within a membrane bound protein at a
ﬁxed distance from the membrane will exhibit a shift in Em that is
directly proportional to the voltage applied across themembrane [22].
However, the applied potential ﬁeld will propagate through the
protein in a complex manner due to the intricate nature of the
dielectric boundary. If we imagine moving a redox center within the
protein, then changes in the position of the redox center both laterally
and perpendicular to the plane of the membrane will result in Em
shifts that are a unique function of the protein geometry and the redox
center's position within the protein. Again representing the reference
and perturbed midpoint potentials for redox site i as Emi and E Vmi, we
can represent the shift in the redox potential as a function of the
applied membrane potential, V0, and a geometric factor f rð Þ. Thus we
have
E Vmi = Emi + V0f rið Þ ð2Þ
and rearranging yields
ΔEmi
V0
= f rið Þ ð3Þ
Hence the shift in redox potential for a given site, ΔEmi, (scaled by
V0 to remove all dependence of the Em shift on the applied voltage) is
completely determined by the geometric factor, f rið Þ, which will
depend on the nature of the dielectric boundary, the actual protein
dielectric, and the position, rið Þ, of the redox center within the low
dielectric (protein) region. This phenomenon may be exploited to
determine the distance of the FeS centers from the membrane surface
as well as the general orientation of the electron transport chain
within the holo-complex. For instance, it is possible to calculate the
shift in the Em of the redox centers as a function of the distance
between the terminal N2 tetranuclear cluster and the membrane
surface while holding the relative positions of the FeS clusters
obtained from the crystal structure ﬁxed. Tilting or rotating the
electron transport chain with respect to the membrane surface or
some ﬁxed axis will similarly cause Em shifts of greater or lesser extent
in the various FeS clusters.
The Em shift due to an applied potential can be readily calculated
from the linearized Poisson–Boltzmann equation. Utilizing the ﬁxed
relative positions of each FeS cluster obtained from the crystal
structure of the hydrophilic domain and electron micrograph (EM)
images of the entire complex I holo-complex the Em shift of the FeS
clusters can be calculated for different conﬁgurations of the electron
transport chain within enzyme. Coupling these calculations to
experimentally measured shifts in the Em of some, if not all, of the
FeS clusters resulting from an externally applied membrane potential
could be used to deﬁnitively determine the positions of each FeS
cluster with respect to the membrane and within the holo-complex in
general.
To illustrate the viability of the proposed method we present
results from a minimal electrostatic model of the complex I/
membrane system. Here we limit our discussion to the dependence
of the geometric factor on the redox center locations, and defer any in-
depth discussion of the effect of the protein dielectric. As we have
already discussed in connection to the electrostatic interaction
energies the protein dielectric is highly dependent on the shape of
the solute–solvent boundary, and should be addressed within the
context of more realistic calculations. As such we have employed the
commonly accepted protein dielectric constant of 4 although this may
not be appropriate for the hydrophilic domain of complex I.
In our simpliﬁed model the membrane is treated as an inﬁnite 2D
low dielectric slab of ﬁxed width (26 Å). The solvent exposed
hydrophilic domain was modeled as a low dielectric cylinder
emanating from the membrane surface. The potential within the
protein was calculated from the 2D linearized Poisson–Boltzmann
Fig. 3. The shift in the midpoint reduction potential, ΔEm, as a function of the N2-
membrane distance for each FeS cluster in complex I resulting from the interactionwith
an applied membrane potential, V0, as predicted by our model.
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voltage across the membrane. The shift in the midpoint reduction
potential of each redox center was taken as the value of the potential
at the location of the given cluster. Keeping the relative positions of all
of the FeS clusters ﬁxed with respect to the terminal tetranuclear
center N2 we systematically varied the N2-membrane distance. Fig. 3
illustrates the Em shift of each FeS cluster as a function of the N2-
membrane distance.
The lipid bilayer consists of a hydrophobic, low dielectric, interior
and a highly polar, high dielectric, region composed of the lipid “head”
groups on both surfaces of the bilayer [16,17]. In our model we
measure the N2-membrane distance as the distance from the center of
N2 to the interior surface of the hydrophobic membrane. The internal
hydrophobic region of the membrane is approximately 26 Å. If we
assume an average membrane thickness of ∼40 to 45 Å it would be
appropriate to add approximately 10 Å to our N2-membrane distances
in order to make direct comparison with distances referenced from
the “true” surface of the lipid bilayer to cluster N2. Table 3 lists the
shift in the Em of cluster N2 for the various proposed N2-membrane
distances. For the shorter N2-membrane distances (7 and 10 Å) our
model predicts Em shifts of nearly 20% of the applied membrane
potential. The intermediate distance of 35 Å would produce a shift of
roughly 5% of the applied potential, while distances ≥60 Å exhibit
shifts of 2% of less. Table 3 also lists the absolute shift in the Em of N2
assuming an applied membrane potential of 200 mV. Here we predict
a maximal shift of approximately 40 mV which should be well within
the experimentally detectable range. As can be seen from Fig. 3 the Em
shift, ΔEm/V0, decreases exponentially with increasing N2-membrane
distances potentially making the distinction between the mid and
long distance predictions difﬁcult to distinguish experimentally.
However, it should be relatively easy to determine if the N2-
membrane distance is short (∼10 Å) or much longer (∼60 Å).
3.3. Probing conformational changes in complex I
Complex I couples electron transfer to proton translocation across
the mitochondrial membrane. This coupling is thought to occur via
conformational changes in the enzyme that accompany the ET process
[1–3]. Electron micrograph studies of free and substrate bound
enzyme showed that both the hydrophilic and hydrophobic domains
increase in width, while the length of and angle between domains
remain unchanged upon binding NADH [23]. Recent studies involving
NADH and NADPH have shown that speciﬁcally NADH binding, andnot NADPH, results in the observed global conformational changes.
Reduction of the cofactors both chemically and electrochemically
results in local conformational changes only [24]. Electrostatic
experiments of the type proposed for the localization of the ET
chain could potentially utilize NADH and NADPH to directly probe the
conformational changes in complex I, since NADPH reduces the FeS
centers but does not elicit the global conformational changes
associated with NADH binding. If the width of the peripheral arm
changes, but not its length, it should be expected that the membrane–
N2 distance remains nearly constant also. In this case the response
from N2 would remain relatively unchanged when reduction occurs
via NADH or NADPH. However, if the angle of the peripheral arm
changes signiﬁcantly with respect to themembrane bound arm, as has
been observed under certain experimental conditions [25], the
difference between the response measured with NADH and NADPH
should be large.
4. Conclusions
We have calculated accurate electrostatic interaction energies for
all of the FeS clusters in complex I. These interactions represent shifts
in the midpoint reduction potentials of each iron–sulfur cluster due to
the reduction of nearby redox centers. These data are provided to
facilitate and prompt the development of quantitative models of
electron transport in complex I. For example, one can now calculate
titration curves for all metal centers greatly reducing the uncertainty
of such calculations. Comparison of theoretical and experimental
titration curves can help resolve ambiguities of cluster assignment.
Initial results of this sort were presented for clusters N4, N5, and N6a.
Additionally, we have examined the effect of applied membrane
potentials on the redox properties of the FeS centers. We have shown
that the calculated shift in the Em of N2, and other FeS centers,
resulting from an external membrane potential is directly related to
the position of the electron transport chain within the holo-complex
with respect to the membrane surface. We propose that if accurate
measurements of the Em shift of the FeS clusters under the inﬂuence of
an applied membrane potential are made, then the location of the
electron transport chain within the holo-enzyme can be deﬁnitively
determined. Furthermore, the proposed method may be extended to
investigate conformational changes in the enzyme under physiologi-
cal conditions. To this end one could calculate the Em shifts in a more
realistic model based on EM images of complex I [6].
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